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Residential wood combustion (RWC) is a major contributor to atmospheric pollution especially for
particulate matter. Air pollution has signiﬁcant impact on human health, and it is therefore important to
know the human exposure. For this purpose, it is necessary with a detailed high resolution spatial
distribution of emissions. In previous studies as well as in the model previously used in Denmark, the
spatial resolution is limited, e.g. municipality or county level. Further, in many cases models are mainly
relying on population density data as the spatial proxy for distributing the emissions. This paper de-
scribes the new Danish model for high resolution spatial distribution of emissions from RWC to air. The
new spatial emission model is based on information regarding building type, and primary and supple-
mentary heating installations from the Danish Building and Dwelling Register (BBR), which holds
detailed data for all buildings in Denmark. The newmodel provides a much more accurate distribution of
emissions than the previous model used in Denmark, as the resolution has been increased from mu-
nicipality level to a 1 km  1 km resolution, and the distribution key has been signiﬁcantly improved so
that it no longer puts an excessive weight on population density. The newmodel has been veriﬁed for the
city of Copenhagen, where emissions estimated using both the previous and the new model have been
compared to the emissions estimated in a case study. This comparison shows that the new model with
the developed weighting factors (76 ton PM2.5) is in good agreement with the case study (95 ton PM2.5),
and that the new model has improved the spatial emission distribution signiﬁcantly compared to the
previous model (284 ton PM2.5). Additionally, a sensitivity analysis was done to illustrate the impact of
the weighting factors on the result, showing that the new model independently of the weighting factors
chosen produce a more accurate result than the old model.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Residential wood combustion (RWC) is an important emission
source in Denmark contributing in 2013 with more than 60% of thePlejdrup), okn@envs.au.dk
Ltd. This is an open access article uemission of ﬁne particles (PM2.5), more than 70% of the emission of
benzo(a)pyrene (BaP) and about 50% of the emission of dioxins and
furans (PCDD/F) (Nielsen et al., 2016b). The corresponding shares
for the 28 Member States of the European Union (EU-28) for resi-
dential combustion are 50% of PM2.5, 71% of BaP and 37% of PCDD/F
(CEIP, 2015a). RWC therefore has a signiﬁcant effect on air quality
and adverse impacts on human health. The World Health Organi-
zation (WHO) estimates that there were 3.7 million prematurender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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outdoor air pollution (WHO, 2014). Recent results (Brandt et al.,
2013a, 2013b) show that outdoor air pollution caused a total
number of 570.000 premature deaths in the year 2011 in Europe
and around 3.500 premature deaths in Denmark alone. In
Denmark, the RWC contributes with 30e40% of the premature
deaths and the health related external costs due to air pollution
from Danish emission sources alone, taking into account both pri-
marily emitted particles and secondary formed inorganic aerosols
(Brandt et al., 2013a).
High quality emission inventories of air pollutants are essential
input to air pollutionmodels. Likewise, air pollutionmodelling is an
important input in human exposure models, which can further be
applied for estimation of health effects and related costs used for
decision support and air quality policy development. For modelling
of air pollution on regional, national or local scale, there is a de-
mand for high quality emission inventories on high spatial reso-
lution. Modelling based on detailed spatially distributed emissions
provides the opportunity to estimate effects of potential and
implemented reduction measures and as such can be used as a
decision support tool as described by e.g. Jensen et al. (2001) and
Elbir et al. (2010).
Due to the need for spatially detailed emissions a number of
high spatial resolution emission inventories have been prepared.
Few studies have been prepared and documented to handle emis-
sions at the national level, e.g. for Cyprus (Tsilingiridis et al., 2010),
the United Kingdom (Tsagatakis et al., 2013) and Japan (Kannari
et al., 2007), while more studies have been published document-
ing high resolution spatial emission inventories for single pollut-
ants and/or sectors such as agricultural NH3 emissions in Denmark
(Skjøth et al., 2001) and in the UK (Hellsten et al., 2008), NMVOC
emissions in China (Bo et al., 2008), PM emissions in Delhi (Sahu
et al., 2011) and CO emissions in India (Dalvi et al., 2006).
Relatively few studies focusing speciﬁcally on residential com-
bustion, or where the methodology behind the spatial distribution
is thoroughly documented, have been published. Tian et al. (2004)
presented a model for spatial variations of PM2.5 emissions from
residential wood burning in a study area in the central part of
California. The model took into account several variables including
demographic and climatic information. Also, information on forest
accessibility and distinction between urban, suburban, and rural
areas were considered in the modelling. Tian et al. (2004) found
that the number of households using wood combustionwas a more
critical variable than the unit consumption. This indicates that the
most critical issue is to estimate number and location. While the
unit consumption (i.e. weighting between the installations) is still
important, it is less critical to the overall result.
In 2010 the model “Spatial high resolution distribution model
for emissions to air” (SPREAD; Plejdrup and Gyldenkærne, 2011)
was developed in its ﬁrst version, which has since then been
improved continuously. The SPREAD model provides emissions on
a 1 km  1 km resolution grid, covering all pollutants and all
anthropogenic sources in the Danish national emission inventories.
The SPREAD model is a relational database model handling
emissions on source or sector level. National emissions are allo-
cated geographically using source speciﬁc spatial distribution keys,
i.e. normalised shares of the national emissions to be allocated to
each single grid cell in the Danish territory. The level of detail re-
ﬂects the importance of the source to total emissions and the
spatial data available. One of the most important sub-models for
emissions of several pollutants is the model for residential
combustion.
In order to assess RWC's impact on local, national and regional
air pollution levels, there has been an increased attention from
policymakers and air pollution modellers to improve the spatialdistribution of emissions from RWC and hereby decreasing the
uncertainty of the input to air pollution models. Therefore, a new
RWC distribution methodology has been developed. The new
methodology does not rely on population density, which is the case
in most published studies, as this is deemed to give an incorrect
spatial distribution in Denmark, where the most densely populated
areas are covered by district heating. Guttikunda and Calori (2013)
used population density and income groups to spatially distribute
emissions from the residential sector, and also, Wilson et al. (2006)
used population density as the proxy for the spatial distribution.
Ghilardi et al. (2007) combined supply and demand modelling to
estimate consumption of fuelwood used in Mexico.
Compared toTian et al. (2004) and to the previousmodel used in
Denmark, the new model presented here is at a much higher res-
olution (1 km  1 km) rather than on county or municipality level.
Excluding population density from the spatial distribution and
instead using location of RWC installations has further improved
the model.
2. Methodology
2.1. National emission inventory methodology
Aarhus University prepares the ofﬁcial Danish emission in-
ventories for greenhouse gases and air pollution according to the
international technical guidelines (EEA, 2013; IPCC, 2006) for
reporting to international conventions, i.e. the Convention on Long-
Range Transboundary Air Pollution (CLRTAP) under the United
Nations Economic Commission for Europe and the United Nations
Framework Convention on Climate Change. Details on the meth-
odologies used in preparing the emission inventories are docu-
mented elsewhere (Nielsen et al., 2016a; 2016b).
The Danish air emission inventory for RWC is based on infor-
mation on the total number of appliances and a distribution on the
types of wood burning appliances in Denmark, the wood con-
sumption as included in the ofﬁcial Danish energy statistics (DEA,
2014) and technology speciﬁc emission factors (EFs). The Danish
approach corresponds to the Tier 2 methodology in the EMEP/EEA
Guidebook (EEA, 2013). However, the methodology has been
modiﬁed to take into account the speciﬁc RWC technologies used in
Denmark.
Information on the number and type of the stoves and boilers is
obtained from a number of national surveys (Evald, 2012; previous
versions; Illerup et al., 2007; Hansen, 2015). The inventory distin-
guishes between ﬁve different technologies for stoves and four
different technologies for boilers. The emission factors (EFs) are for
some combinations of technology and pollutant country-speciﬁc
and refers to Danish measurements while others are referenced
to measurements carried out for similar technologies abroad.
Finally, there is a number of EFs that is based on EEA (2013).
The number of appliances, unit consumption, and emission
factors used in the estimation of emissions from RWC for 2013 is
included as additional information. For particulate matter it is
important to note that Danish measurements are carried out in a
dilution tunnel, which means that the derived emission factors
include a contribution from condensables.
The resulting national emissions for 2013 are shown in Table 1.
While wood pellets account for about 30% of the fuel consumption,
the emission shares for this technology ranges between 2.1% for
PM2.5 and 8.5% for PCDD/F.
2.2. Spatial emission distribution methodology
According to the reporting guidelines under the LRTAP
convention (UNECE, 2014), Denmark is obligated to report the
Table 1
Emissions of PM2.5, PCDD/F and BaP from RWC in Denmark.
Technology Description PM2.5 tonnes PCDD/F g I-TEQ BaP tonnes
Old stove Stove pre-1990 2495 2.1 325
New stove Stove with DS mark 1990e2005 5001 5.4 818
Modern stove Stove conforming with Danish legislation 1572 0.6 156
Eco labelled stove Advanced stove 801 0.4 39
Other stove Including ﬁreplaces 184 0.2 30
Old boiler pre-1980 with accumulation tank 454 0.3 61
Old boiler pre-1980 without accumulation tank 621 0.2 42
New boiler post-1980 with accumulation tank 704 0.3 34
New boiler post-1980 without accumulation tank 657 0.3 32
Pellet boilers/stoves 266 0.9 92
Total 12,755 10.8 1628
National total 21,237 21.8 2276
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Monitoring and Evaluation programme) grid with a resolution of
50 km  50 km, changing to 0.1  0.1 from 2017 (CEIP, 2015b;
UNECE, 2012). Furthermore, there is a request from the air pollu-
tion modelling community for emissions on an even higher reso-
lution, for modelling of air quality, exposure and health impacts. To
meet these requirements the SPREAD model was developed.
Spatial distribution is made on the most disaggregated source
level obtainable by the available data related to allocation of
emissions, taking into account availability of spatial data, and
quality of the resulting spatial distribution. Distribution keys are set
up using spatial analysis tools in a geographical information sys-
tem, GIS. The emission distribution is made on the Danish Grid Net,
designed in an orthogonal coordinate system referring to the UTM
projection zone 32N using EUREF89, with a spatial resolution of
1 km  1 km (NSC, 2012).
Denmark is a relatively small country (~43,000 km2), and a high
resolution gridmust be applied to cover the national variations. The
SPREAD model builds on detailed national data, which is necessary
when operating on such high resolution, and which complies with
the ﬁnding by Maes et al. (2009), that use of country speciﬁc
methodology and data improves spatial emission distribution,
especially on high resolution.
Spatial distribution of emissions from RWC is handled in a
separate sub-model of SPREAD. The RWC model has undergone a
large improvement since the latest ofﬁcial reporting of spatial
emissions to CLRTAP, and it is therefore of importance to introduce
both the previous and the new model, focusing on the differences
in data basis, methodology, and results.
The following will describe the development of distribution
keys for RWC, which holds the share of emissions to be allocated to
each grid cell in the Danish part of the EMEP grid. A description of
the methodology behind the spatial distribution of emissions from
other sources in SPREAD is included in Plejdrup and Gyldenkærne
(2011).
According to the previous methodology, spatial distribution of
RWC was carried out on a resolution corresponding to the 271
municipalities in Denmark before the structural reform in 2007.
The spatial distribution was based on wood consumption in the
residential sector in each municipality, estimated from population
density and from information from the Danish Building and
Dwelling Register (BBR) regarding building age, building size,
building type, and heating installations.
Among several reasons to update the RWC model, the most
distinctive is implausible large emissions in the two municipalities
in the capital (Copenhagen municipality and Frederiksberg mu-
nicipality), due to including population density in estimating
municipal wood consumption. Even though there are numerouswood burning appliances in the capital, the wood consumption is
lower than the national average (Andersen, 2015), which is not
reﬂected, but rather counteracted by including the high population
density.
While other studies (e.g. Guttikunda and Calori, 2013; Wilson
et al., 2006) have relied mainly on population density in their
spatial distribution of emissions from the residential sector, this is
not appropriate in Denmark. In Denmark the most densely popu-
lated areas are covered by district heating and as such the use of
RWC is mainly for supplementary heating and inmost cases related
to creating a cosy atmosphere.
The updated RWC spatial emission model is based solely on
information in BBR. To locate addresses with RWC, all records in
BBR are analysed and classiﬁed according to the relevant infor-
mation being:
 Building type, e.g. single-family house, apartment building, and
holiday house.
 Heating installation, e.g. district heating, central heating, elec-
tricity heating, and stoves.
 Fuel, e.g. liquid fuel (i.e. gas oil), natural gas, and solid fuel
(predominantly wood; in later years wood has accounted for
more than 99.9% of the solid fuels consumption).
 Supplementary heating, e.g. woodstove, ﬁreplace, and oil and
gas radiators.
Through the following sequence of criteria, the RWC addresses
are divided into three categories, covering primary RWC in stoves
(criteria 1), primary RWC in boilers (criteria 2), and supplementary
RWC (criteria 3).
1. Heating installation: ‘stove’, fuel type: ‘solid fuel’.
2. Heating installation: ‘central heating from private one-chamber
boiler’, ‘central heating from private two-chamber boiler’, fuel
type: ‘solid fuel’.
3. Supplementary heating: ‘stoves for solid fuels’ or ‘ﬁreplace’.
BBR holds detailed data on both building and address level.
However, the register still to some degree suffers from errors and
lack of data. Biennial surveys on RWC in Denmark, carried out by
the Danish Energy Agency (Hansen, 2015), estimate a rather con-
stant number of residential wood ﬁred appliances in Denmark
around 750.000. By comparison less than 400.000 addresses have
been classiﬁed as having RWC according to the analysis of BBR.
Further, data from the chimney sweepers in the city of Copenhagen
include ~16,000 wood stoves (H. B. Jensen, personal communica-
tion, 2015), but the BBR classiﬁcation only returned ~2100
addresses.
Table 3
Weighting factors for RWC as supplementary heating per building group.
Technology Building group Supplementary RWC
Stove Single-family house 0.4
Stove Holiday house 0.2
Stove Apartment building 0.08
Table 4
Distribution of RWC based on building type and primary and supplementary
heating.
Primary RWC Supplementary RWC Building type % of RWC
Stove Yes Single-family house 0.20%
Stove Yes Apartment <0.01%
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reported to have wood combustion installations. For the purposes
of the spatial modelling these building types are classiﬁed into
three groups as the wood consumption is assumed to differ be-
tween these groups. The three groups are: ‘single-family house’,
‘apartment building’, and ‘holiday house’.
While Tian et al. (2004) found that the number and location of
the appliances is most important, the differences in unit con-
sumption for different building types are still considered to be
important. This is cooperated by the study for Copenhagen
(Andersen, 2015) that found differences of up to 30% for unit con-
sumption between building types with district heating and an even
larger difference when considering buildings without district
heating. Therefore, weighting factors are applied in the model to
account for the different wood consumption in building types.
These factors have in this ﬁrst model revision been based on expert
judgement, as data to support this subdivision is not available on a
national level. However, the assumptions are supported by ﬁndings
by the Danish Energy Agency (DEA) (Hansen, 2015), that unit
consumption in permanent residence is approximately twice of
that for holiday houses (28 GJ vs. 17 GJ).
For primary RWC with wood boiler, a factor of 1 is applied for
single-family houses and apartment buildings, while holiday
houses have a weighting factor of 0.8, see Table 2. The relatively
high factor allocated to holiday houses is assumed because the
economic cost of installing a boiler and corresponding heat distri-
bution system in the house means that the holiday house will be
used for the majority of the year or even permanently inhabited,
which is possible for retired people in Denmark. The corresponding
factors for wood stoves for primary RWC are 0.8 for single-family
houses and apartment buildings, and 0.2 for holiday houses. The
factors for holiday houses are lower as they are generally smaller
and occupied only part of the year mainly in warmer periods.
For supplementary RWC in single-family houses a weighting
factor of 0.4 is applied, based on the assumption, that the wood
consumption for supplementary heating is half the amount of
primary heating with wood stoves, see Table 3. The wood con-
sumption in apartments are assumed to be one tenth for supple-
mentary heating (0.08) compared to primary heating, as the space
for wood storage is limited, and access to and transport of the
stored wood is often inconvenient. For holiday houses the same
weighting factor is applied for supplementary RWC as for primary
RWC with wood stove.
Numerous buildings have more RWC installations, e.g. apart-
ment buildings and some are registered having RWC as both pri-
mary and supplementary heating source, mainly with wood boilers
for primary heating. For these addresses, the contribution from
each RWC installation are summarised in the calculation of distri-
bution key, giving the share of the total emissions from RWC to be
included in the separate grid cells.
According to the results from weighting of RWC at separate
addresses, a normalised distribution key has been developed and
included in the SPREAD model. In the distribution key, resulting
weightings for all addresses in each grid cell is summarised andTable 2
Weighting factors for RWC as primary heating per technology and building group.
Technology Building group Primary RWC
Boiler Single-family house 1
Boiler Holiday house 0.8
Boiler Apartment building 1
Stove Single-family house 0.8
Stove Holiday house 0.2
Stove Apartment building 0.8normalised. The ﬁnal distribution key thereby include only two
variables for each grid cell; the grid cell ID and the share of national
RWC to be allocated to it. The normalised distribution key is
multiplied with the national total emissions for RWC to calculate
the resulting emissions in each grid cell.
As the distribution key includes only data on the shares of the
national total emission to be allocated to the predeﬁned grid cells,
implementation of a newmethodology for spatial distribution does
not inﬂuence the national total emissions, but only the allocation of
emissions. In this way, it is ensured that the spatial emissions are
consistent with national total emissions, even though the distri-
bution key undergoes an update.
3. Results and discussion
The new distribution key is based on the 400.000 identiﬁed
appliances, assuming that the distribution is representative for the
missing 350.000 appliances as well. The majority are categorised as
supplementary heating (84%) mainly in single-family houses and
holiday houses, which was expected, as district heating with
mandatory connection is widespread especially in densely popu-
lated areas, and as wood stoves are widely used for cosiness. In
contrast, only few RWC installations are expected in apartments,
due to limited space for storage of wood, and the inconvenience of
carrying wood to higher ﬂoors, which is in accordance with the
ﬁnding that less than 1% of the RWC installations are located in
apartments.
Many holiday houses are located outside the district heating
areas and as they are mainly used in warmer periods and for short
term stays, a large number are expected to use RWC for heating,
which correspond with the ﬁnding that 25% of the RWC in-
stallations are located in holiday houses, see Table 4. Less than 2% of
all addresses with RWC are categorised as using RWC for both
primary and supplementary heating, the main part using wood
boilers for primary heating.
Selection of weighting factors is a crucial part of the method-
ology and partly based on expert judgements. To verify the selected
factors, a sensitivity analysis has been elaborated usingStove Yes Holiday house 0.29%
Stove No Single-family house 3.29%
Stove No Apartment 0.04%
Stove No Holiday house 3.99%
Boiler Yes Single-family house 1.42%
Boiler Yes Apartment 0.01%
Boiler Yes Holiday house 0.01%
Boiler No Single-family house 6.90%
Boiler No Apartment 0.04%
Boiler No Holiday house 0.07%
No primary RWC Yes Single-family house 62.19%
No primary RWC Yes Apartment 0.80%
No primary RWC Yes Holiday house 20.74%
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tance in Denmark, only the weighting factors for supplementary
RWC are analysed. The sensitivity analysis includes eight scenarios
where the weighting factors have been increased or decreased by
50% for the three building types separately and for all three building
types collectively (Table 5). As expected, the largest changes are
identiﬁedwhen changing the factor for single-family houses, which
are the dominant building type for RWC. Changing the factor for
holiday houses leads to a inverse change of the emissions in
Copenhagen. This is due to the fact that holiday houses are far more
important in other parts of Denmark than in Copenhagen, and e.g.
increasing the weighting factor will allocate a larger part of the
national RWC emission to other parts of the country, leaving lower
emissions in Copenhagen. Changing the factor for single-family
houses cause the emissions in Copenhagen to change propor-
tional, though to a lesser degree.
Introducing the new methodology for RWC has greatly
improved the resulting emission pattern, by increasing the spatial
resolution from municipality level to 1 km  1 km. It can be seen
that the impact of the weighting factors is limited, which is the
same conclusion as reported by Tian et al. (2004).
The national total emissions of PM2.5, PCDD/F and BaP fromRWC
in Denmark, as given in Table 1, has been allocated according to the
previous model and the newmodel, and the resulting spatial PM2.5
emissions are shown in Fig. 1a and b. According to the previous
model, large proportions of the emissions from RWC are allocated
to the capital area (Fig. 1a), but large emissions are also estimated
for less populated municipalities, which is driven by parameters
included from BBR (building age, building size, building type, and
heating installation). Important in an air quality perspective is also
the fact that emissions are allocated evenly on the area of each
municipality, without any notice of where neither the population
nor the RWC appliances are located. This results in emissions being
allocated to areas where no people live, and hence to allocation of
fewer emissions in populated areas of the municipalities. When
used for air quality modelling, the concentration levels will be too
low in populated areas, and the human exposure will be under-
estimated. Using the new methodology, emissions are allocated
only to areas with RWC appliances (Fig. 1b), and air quality
modelling will lead to more accurate concentrations and thereby
more realistic estimates of human exposure. By excluding popula-
tion density from the model, and by including weighting factors for
apartment buildings, the high emission levels in the capital area
(284 ton PM2.5) are avoided, and the estimated emissions (76 ton
PM2.5) are more consistent with the results from the case study for
Copenhagen municipality (95 ton PM2.5), based on detailed data
from the chimney sweepers and survey information (Andersen,
2015). The new model gives large emission levels along parts of
the coastline, which corresponds to areas with many holidayTable 5
Weighting factors and PM2.5 emissions for supplementary RWC in the new methodology
Scenarios Weighting factor for supplementary RWC PM
Single-family house Holiday house Apartment building
Baseline 0.4 0.2 0.08 76
All 50% 0.2 0.1 0.04 65
All þ50% 0.6 0.3 0.12 81
Single-family house 50% 0.2 0.2 0.08 61
Single-family house þ50% 0.6 0.2 0.08 84
Holiday house 50% 0.4 0.1 0.08 80
Holiday house þ50% 0.4 0.3 0.08 73
Apartment building 50% 0.4 0.2 0.04 76
Apartment building þ50% 0.4 0.2 0.12 77houses, where RWC for heating is very common.
The emission inventory for RWC is subject to large uncertainties,
both regarding the number of appliances, distribution across
technologies, fuel consumption (national total as well as per tech-
nology), and emission factors, the latter signiﬁcantly being affected
by user behaviour. Additional uncertainty is added when emissions
are spatially distributed, as the mentioned details are not known
for each single appliance. Consequently, it is necessary to treat
households with RWC at an aggregated level using average as-
sumptions. Furthermore, the BBR data, which are the basis for the
spatial distribution, are known to have errors and missing infor-
mation, which is caused by the fact that property owners are ex-
pected to update information in BBR themselves. It is plausible that
the ﬁrst registration is mainly correct, but updates after re-
constructions or replacements of e.g. heating installations might be
neglected.
Case studies have previously shown that the number of wood
stoves registered in BBR is too low. This is supported by new
comparison of the number of RWC appliances based on data from
BBR and from the chimney sweepers, where the chimney sweepers
have registered 16,349 RWC appliances in the municipality of
Copenhagen, but only 2047 has been classiﬁed using BBR data.
Correspondingly, the chimney sweepers have registered 6843 RWC
appliances on the Danish island Als (located of the east coast of the
southern part of Jutland) (K. L. Christensen, personal communica-
tion, 2015), but only 2661 has been classiﬁed in BBR. In these two
cases the BBR classiﬁcation underestimates the number of RWC
appliances by 87% and 61%, respectively. Data from the chimney
sweepers are available for only very few areas of limited size, and is
unusable as basis for the national model, but applicable for quality
control and uncertainty assessment. In the future, efforts will be
made to further verify the model by checking the model against
data provided by chimney sweepers.
For the city of Copenhagen the new model estimates the
emission of PM2.5e76 ton in 2013. This compares to 284 ton using
the previous model. Considering the high population density in the
city of Copenhagen, the new model result will signiﬁcantly change
the estimated air quality and human exposure. The detailed infor-
mation collected in the case study for Copenhagen, showed a
higher number of appliances than the new model, but lower unit
consumption than the national average. In the new model, the
difference in unit consumption across building types was
addressed using the weighting factors. In the case study for the city
of Copenhagen the PM2.5 emission was estimated to 95 ton (Jensen
et al., 2015). The case study used the same basic methodology as the
national model, e.g. the same deﬁnition of technologies. So in spite
of the discrepancy in the number of appliances, the chosen
weighting factors cause a good agreement between the newmodel
result and the case study., and changes of PM2.5 emissions for the sensitivity analysis scenarios.









Fig. 1. PM2.5 emissions from RWC based on a) the previous model and b) the new model.
M.S. Plejdrup et al. / Atmospheric Environment 144 (2016) 389e396394
M.S. Plejdrup et al. / Atmospheric Environment 144 (2016) 389e396 3954. Conclusions
This paper presents a new detailed methodology for high res-
olution spatial distribution of emissions for RWC, which has
signiﬁcantly improved the spatial allocation of emissions. The most
striking improvement is that emissions are no longer accumulated
in the densely populated areas in and around Copenhagen, due to
the exclusion of population density from the model. The lower
emission level in Copenhagen is in line with information from the
chimney sweepers and the recent study of RWC in Copenhagen
(Andersen, 2015). Further, the new improved distribution is based
on exact location of the RWC appliances classiﬁed from BBR
aggregated on a 1 km  1 km resolution grid, instead of average
estimated wood consumption per municipality. This leaves unin-
habited areas with no emissions, and includes the variation inside
the separate municipalities.
Due to the large signiﬁcance of RWC on the emission of air
pollution there will be a continuous demand for improvements
both to the emission inventory and to the spatial distribution. An
important improvement would be to ensure a mandatory update of
the BBR with information on buildings with RWC but also an
expansion of the register to cover the age of the RWC appliance.
Alternatively, a new register could be created based on information
from chimney sweepers. Chimney sweepers inspect all wood
burning appliances at least once a year and are tasked with
approval every time a new appliance is installed. The improvement
of the BBR or the creation of a new register would improve the
emission inventory as well as the spatial distribution.
The current work represents a large improvement compared to
the previous methodology. However, more work is needed to
further reﬁne and improve the spatial distribution, e.g. heat de-
mand modelling can be used to verify or improve the assumptions
regarding the weighting factors between the different building
types and between primary and supplementary RWC. Also, more
case studies should be carried out to verify the newmodel for other
areas than the city of Copenhagen.
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